Abstract-In this paper, the problem of formation control of robotic vehicles is studied. For a general formation (path, tree, or net) with one leader, a decentralized controller is proposed that yields exponential stability of the formation. Simulations validate the theoretical results.
INTRODUCTION
T HE problem of controlling formations of unmanned vehicles has received a lot of attention in recent years [1] .
Three approaches to multi-vehicle coordination are leader following [2] , behavioral methods [3] , and virtual structure techniques [4] . The virtual structure and leader following approaches usually require that the full state of the leader or virtual structure be communicated to each member of the formation. In contrast, decentralized controllers require significantly less communication. The disadvantage of behavioral methods is that they are diffi culty to analyze mathematically, making it difficult to guarantee convergence to the desired formation. The input-to state stability of vehicle formations is investigated in [5, 6] . The steady state error for the formation will be bounded by a linear function of the norm of the leader's velocity. It implies that the formation is not achieved until the leader almost stops.
In this paper, we propose a decentralized controller that guarantees exponential stability of a general formation (path, tree, or net) with one leader. The formation is maintained during the entire maneuver. The controller is demonstrated on a simulated net formation.
II.

ROBOT DYNAMICS
Each mobile robot is modeled as in [7] as ix,
Wi 0 where ri = (r X i' r" Y is the inertial position of the i th robot, ei is its orientation, Vi is its linear speed, Wi is its angular speed, Ti and Fi are, respectively, the torque and force applied to the robot, mi is its mass, and Ji is its moment of inertia. Letting X i = (r,i, r" ,ei , Vi' Wi Y , and "i = (F i , T i r ' the equations of motion can be written as
Hand position [6] is a point located a distance Li along the line that is perpendicular to the wheel axis and intersects r i, as shown in Figure 1 . The hand position is given by the equations
As shown in [6] , the output feedback linearizing controller
In,
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applied to (1) yields where V; is a control input to be designed.
Ill. FORMATION CONTROL (4)
Formations are described by directed graphs. The following definitions are adapted from [8] .
, where V is a set of nodes or vertices, E is a set of edges and ¢: E � V x V , a mapping from the edges to the ordered set of vertex pairs. Let the robots {hi} form the nodes of a directed graph, where h j is the leader. The control objective is to maintain a desired formation while the leader tracks a desired position ho (t) .
Case I: The robots {hi} form a path, as shown Figure 2 .
• h� desired line 
Here we supposed that
This implies that the desired position is moving at a constant velocity. As a result it is a non-moving target, or it is a target that never stops .. The problem of formation control is to design Vi to drive the system (5) toward the origin r i i-I = ri i-I = O.
[
where P is a positive-definite solution to the Riccati equation,
where Q > 0 and
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Since Ao and Bo are a controllable pair, such a positive definite solution P exists, and the eigenvalues of Ao -BoKo lie in the left half-plane.
Let X = [ xi ,x� " ··,x� r . Substitution of (7) into ( Case II. The robots {hi} form a net, as shown Figure 3 . We label the leader as 1, and label the other nodes 2 to N such that the index of the second node of any edge is greater than that of the first node. Hence, there are i-I edges whose second node is the i th node. Let S2 = r21 = w21r21 S3 = w31r31 + w32r3 2
where the weights w ij and wi i � O. 1,2,. .. , N and j = 1,2, . .. , i -l.
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where T is a block lower triangular matrix, which is stable for the same reason that � in (10) is stable. Hence , net formations are exponentially stable under the control (3) and (7). Since a tree as shown Fig. 5 is a special case of a net with w i j = 0 for some values of i and j , tree formations also are exponentially stable under the control (3) and (7). and fonn a diamond while they follow the leader to trace the line y = x at a constant velocity. The desired formation is gIven as
and d43 = (1,1) . 
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When the control (3) and (7) is applied, the four robots converge to the desired formation , as shown in Figures 6 and  7 .
V. CONCLUSION
The proposed decentralized controller yields exponential stability of a general formation. This result was demonstrated by simulating the control of a simple net formation. The formation is maintained during the entire maneuver. Using this approach, the formation robustness can be analyzed. 
